Aims. We investigate the morphological properties of 494 galaxies selected from the Galaxy Mass Assembly ultra-deep Spectroscopic Survey (GMASS) at z > 1, primarily in their optical rest frame, using Hubble Space Telescope (HST) infrared images, from the Cosmic Assembly Near-IR Deep Extragalactic Legacy Survey (CANDELS).
Introduction
In the local Universe, galaxies can be classified according to their appearance along the so-called Hubble sequence. At z > 1, in contrast, the majority of the galaxy population consists of objects with irregular morphologies that are very dissimilar from their low-redshift descendants (Abraham et al. 1996; Cassata et al. 2005; Conselice et al. 2008) .
How and when did these objects turn into the ellipticals and spirals that we see today? The shape of a galaxy can be modified by many processes: star-formation activity, the effects of an active nucleus, interactions with neighbouring galaxies, galaxy merging, or infall of cold gas from the inter-galactic medium (Conselice et al. 2003) . Both morphological classification at all redshifts, to study how galaxies change shape through cosmic time, and the determination of how galaxy morphologies are reSend offprint requests to: M. Talia e-mail: margherita.talia2@unibo.it lated to their other physical and spectral properties are fundamental to the understanding of galaxy formation and evolutionary processes. The assignment of a galaxy to a particular morphological class is strongly affected by human subjectivity, especially for faint high-redshift galaxies. The Hubble types are still used in morphological classification at high redshift, even though galaxy shapes often do not fit perfectly into these traditional classes. In the past few years, some authors have developed simpler visual classification schemes based on the apparent nucleation of galaxy light profiles and the number and identification of distinct clumps (Law et al. 2007 (Law et al. , 2012b .
To make the classification process more objective and automatic, non-parametric approaches have also been introduced. The most widely used systems are CAS and G-M 20 1 (Abraham et al. 1994; Schade et al. 1995; Abraham et al. 1996; Bershady et al. 2000; Conselice et al. 2003; Lotz et al. 2004) . In highredshift galaxies, the clumpiness is the least well-defined parameter, owing to the small size and faintness of the galaxies and to the limited resolution of the images (Lotz et al. 2004; Law et al. 2012b) . A principal component analysis of the aforementioned parameters combined with a parametric description of the galaxy light is used, for example, in the Zurich Estimator of Structural Types (ZEST) classification scheme (Scarlata et al. 2007) . A simpler approach to quantitative morphological galaxy classification is to examine the position of a galaxy in the planes defined by the four cited parameters. At low redshifts, galaxies belonging to different morphological classes occupy welldefined regions in the C-A and G-M 20 planes (Abraham et al. 1996; Bershady et al. 2000; Conselice et al. 2003; Lotz et al. 2008) , within which even merger candidates are effectively distinguished. At high redshifts, the typical parameter values for the various morphological types widely differ. Previous studies at high-redshift have shown that, in the C-A plane, ellipticals have the highest concentrations and the lowest asymmetries Cassata et al. 2005) . In addition, ellipticals are confined to a particular region in the G-M 20 plane, with M 20 ∼ −1.7, and G values spanning a ∼ 0.2 range between 0.5 and 0.8, depending on the study. Galaxies with both disky and irregular morphologies are more scattered across both planes, but are more tightly confined in the G-M 20 one. In general, spheroids have higher G and lower M 20 values, while most irregulars have lower G and high M 20 (Lotz et al. 2008; Law et al. 2012b; Wang et al. 2012 ). There are, however, some discrepancies between different studies (see, for example, Conselice et al. 2008) . The primary aim of morphological studies is to determine the robustness of non-parametric statistics in differentiating between morphologies at all redshifts, and develop a reliable classification tool for cases when the traditional method "by eye" becomes too uncertain.
The redshift evolution of galaxy morphologies, regardless of the way in which they are defined, has to be studied in the same rest-frame band for all redshifts. Since at different wavelengths different gas phases and stellar populations are probed, the appearance of a galaxy may also change, depending on the wavelength at which the galaxy is seen. Hence, it is important to determine whether there is any need for a "morphological kcorrection" as a function of redshift (Conselice et al. 2011) .
At high redshift, we need to search for relations between the morphological classification and other properties, such as spectral type, mass, colours, and star-formation history to understand the interplay between physical processes and merger events in the shaping of a galaxy. At low redshift, quiescent galaxies usually have spheroidal structures, while star-forming galaxies are mostly either irregulars or disks. In general, this is also true at high redshift (Cassata et al. 2011; Wuyts et al. 2011; Bell et al. 2012; Szomoru et al. 2011 Szomoru et al. , 2012 , but not always. Conselice et al. (2011) find that a significant fraction of galaxies visually classified as early-types have star-forming spectral types, which suggests that very few purely passive massive galaxies exist at 1 < z < 3, at least within the Hubble Ultra Deep Field. For a sample of IRAC-selected Extremely Red Objects (IEROs), however, Wang et al. (2012) find that quiescent and dusty starforming galaxies, classified according to their IR colours, can be clearly separated in the G-M 20 plane, thus implying that there is a relation between the morphology and star-forming status of IEROs. In particular, this may indicate that the quenching process for star formation occurs with (or is the cause of) an increase in the galaxy concentration. Fig. 1 . Redshift distribution. The red histogram represents best-redshift (spectroscopic or photometric) distribution of the total GMASS sample at z ≥ 1; the black histogram represents best-redshift distribution of the 494 galaxies from the GMASS-WFC3 sample; the green histogram represents the distribution for the 259 galaxies with a spectroscopic redshift.
The aim of this paper is to investigate the morphological properties of galaxies at intermediate to high redshift, and how they correlate with physical properties such as the star-formation activity. We decided to use recent images acquired using the H 160 band filter of the Wide Field Camera 3 (WFC3), mounted on the Hubble Space Telescope, because the observed-frame nearinfrared wavelengths are needed to resolve the location of most stellar mass in galaxies, at high redshifts (Conselice et al. 2011 ). This paper is structured as follows. First, the results of our morphological classification are presented, which are based on both Hubble types and non-parametric statistics. The need for morphological k-correction is also investigated by comparing restframe ultraviolet (UV) and optical images. We then study the connections between the morphologies and physical properties of z > 1 galaxies, examining the colour-stellar mass diagram and the distributions of galaxies with different morphologies in the well-established bimodal colour distribution of galaxies. Finally, we focus on a spectroscopic sub-sample of galaxies to search for possible correlations between our morphological and spectroscopic classifications.
The sample
We analyse rest-frame optical morphologies of a sample of z ≥ 1 galaxies. We started from the photometric catalogue of the Galaxy Mass Assembly ultra-deep Spectroscopic Survey -GMASS (Kurk et al. 2013) , and searched for counterparts to galaxies at z ≥ 1 in the H 160 band mosaics (v0.5) of the Cosmic Assembly Near-IR Deep Extragalactic Legacy Survey -CANDELS (Grogin et al. 2011; Koekemoer et al. 2011) in the GOODS-South. We found 494 matches, which we refer to as the GMASS-WFC3 sample. We note that 259 of the selected galaxies have a spectroscopic redshift, which was collected primar-ily from the GMASS spectroscopic survey, but also from the European Southern Observatory (ESO) public database 2 . The redshift distribution is shown in Fig.1. 
The GMASS survey
The GMASS survey Kurk et al. 2013 ) is an ESO Very Large Telescope (VLT) large programme project based on data acquired using the FOcal Reducer and low dispersion Spectrograph (FORS2). The project's main objective is to use ultra-deep optical spectroscopy to measure the physical properties of galaxies at redshifts 1.5 < z < 3. The GMASS photometric catalogue is a purely magnitude-limited selection of sources detected in the GOODS-South public image taken at 4.5µm with the Infrared Array Camera (IRAC) mounted on the Spitzer Space Telescope, the limiting magnitude being m 4.5 < 23.0 (AB system). The photometric catalogue contains 1277 objects, for 131 of which it was possible to determine secure spectroscopic redshifts. The GMASS spectra have a spectral resolution of R = λ/∆λ ∼ 600, which was chosen as the best compromise between extensive wavelength coverage and the ability to resolve and identify spectroscopic features for redshift determination. Physical properties, such as stellar mass and star-formation rate, were estimated by fitting broad-band photometry, from the U band to the IRAC 5.8µm band, with the synthetic spectra of the Maraston (2005) evolutionary populationsynthesis models. Star-formation histories were parametrized by exponentials (e −t τ ) with e-folding time-scales τ between 100 Myr and 30 Gyr, plus the case of constant SFR. A Kroupa initial mass function (Kroupa 2001) , fixed solar metallicity, and a Calzetti law for dust extinction (Calzetti et al. 2000) were assumed.
The CANDELS survey
The CANDELS survey (Grogin et al. 2011; Koekemoer et al. 2011 ) is a 902-orbit Multi-Cycle Treasury program on the HST. The project aims to investigate galaxy evolution up to redshift z ∼ 8 using deep imaging data collected with the infrared (IR) and UVIS channels of the WFC3, as well as the Advanced Camera for Surveys (ACS), targeting five existing survey fields on the sky. Science drizzled images, along with weight images, are being publicly released as the observations are carried out. In this work, images acquired within the Deep program with the WFC3/IR F160W filter were used, which have an exposure depth of 1100s and a points spread function (PSF) full width at half maximum (FWHM) of 0".18.
Visual morphological analysis
The morphological analysis of H 160 images was done using two different methods: a visual classification based on traditional Hubble types, and a quantitative analysis using parameters that quantify morphological properties, such as the concentration of light and the galaxy asymmetry.
The galaxy shapes were classified into five main types based on the appearance of the galaxies in the H 160 band images:
2 The compilation of GOODS/CDF-S spectroscopy master catalogue v2.0 was used for this work. Spectroscopic redshifts were taken in particular from the following surveys: the ESO-GOODS/FORS2 v3.0 (Vanzella et al. 2008 ) and ESO-GOODS/VIMOS v2.0 (Popesso et al. 2009; Balestra et al. 2010) , the VVDS v1.0 (Le Fèvre et al. 2005) , the K20 (Mignoli et al. 2005) , and the spectroscopic follow-up programme of X-ray sources in the Chandra Deep Field South (Szokoly et al. 2004) . -Ellipticals for single centrally concentrated sources with no evidence of outer structures. -Compact for single centrally concentrated sources that are very smooth, symmetric, and display no evidence of any substructure. It differs from the elliptical classification in that a compact galaxy contains no features such as an extended light distribution or a light envelope. -Disk-like for undisturbed sources with disk-like shapes.
-Irregulars where the galaxy shapes are none of the above.
These systems are possibly in some phase of a merger (Conselice et al. 2003) . Some of them show evidence of two or more distinct nucleated sources of comparable magnitude. -Faint objects where the objects are too faint to allow any reliable classification. Galaxies were, at first, classified by three authors (MT, AC, and MM) independently. All classifiers were allowed to adjust the stretch and contrast of the images. The three classifications were then compared and any disagreements were discussed before assigning the single galaxy classifications used throughout this paper. We emphasize that our visual classification is based only on the appearance of the galaxy as seen through the observed H 160 filter: no additional information such as colour, spectrum, mass, or star-formation rate (SFR) was used to assign a morphological type to a galaxy. In Fig. 2 , sample snapshots of galaxies are provided to illustrate the visual classification scheme, while Table 1 summarizes the number of galaxies in each class. A morphological atlas of all 494 galaxies of our sample is presented in the Appendix. The relative fraction of the different visual morphological types, as a function of redshift, is shown in Fig. 3 . The confidence regions account for both the random uncertainty and the differences between the three original classifications, before they were reconciled into the definitive one. We find that the fractions of ellipticals and disks decrease with increasing lookback time and that the most galaxies at redshift z ∼ 2 and above are either irregular or too faint to be classified. The fraction of compact galaxies is almost constant (∼ 0.1) 2) between z = 1 and z = 3.2 is indicated. The last step includes all galaxies at z > 3.2. The confidence regions reflect both the random uncertainty and the differences between classifications made by three different authors. See the text for more details about the classification procedure. Right plot: same as left, but for a mass complete sample (log(M lim) = 10.5). In this plot the redshift step is ∆z = 0.5.
between redshift 1 and 3, but has a peak around z ∼ 2.5, as also observed by Conselice et al. (2008) . Morphological type fractions were computed also for a sample selected to be complete in terms of stellar mass. We applied a minimum-mass threshold of log(M lim) = 10.5, which is the mass completeness limit in the redshift range considered in this paper (Kurk et al. 2013) . The plot, presented in Fig. 3 , shows that the general trends found in the complete sample are preserved.
Using the observed H 160 band, we observe a rest-frame wavelengths extending from λ rest ∼8000 at z∼1 to λ rest ∼4000 at z∼3. To check whether this variation in galaxy rest-frame wavelength could bias our results, and whether a morphological kcorrection was required by instead performing morphological classifications at approximately identical rest-frame wavelengths for all galaxies. We used ACS z-band images for galaxies at z ≤ 1.7, WFC3 J-band (from CANDELS) at 1.7 < z ≤ 2.5 and H-band at z > 2.5 3 . The fractions of morphological types, at all redshifts, are almost identical to those presented in Fig. 3 . The only differences are a slightly higher fraction of irregulars and a slightly lower fraction of disks at z < 1.5, but the general trends remain unchanged. A thorough discussion about morphological k-correction is presented later in the paper.
Comparing our trends with the literature, we are able to explore the full range of redshifts, down to z ∼ 0. Below the minimum redsfhit of our sample, i.e. z < 1, disks and spheroids are the dominant population, with only about 20% of galaxies being irregulars. At redshift z ∼ 1 − 1.5 the fractions of irregulars and compact are higher, while the fractions of both disks and ellipticals are lower than at redshift z < 1 (Conselice et al. 2005; Conselice et al. 2008) .
Our results allow us to identify the origin of the Hubble sequence at redshift 2.5 < z < 3. At these redshifts, 20% of galaxies have elliptical or disk morphologies, whereas at redshifts z > 3 almost all galaxies are classified as irregulars.
In Fig. 4 we plot SFRs and stellar masses as a function of redshift of all the galaxies in our sample. Galaxies hosting little or no star-formation are mainly ellipticals, though a small fraction are disks. On the other hand, galaxies with higher SFRs display a wider range of morphologies. In particular, almost all irregular galaxies have S FR 10 M yr −1 . We can conclude that non-SFGs at z > 1 are generally ellipticals, while an irregular morphology is associated with active star-formation. It is interesting to notice that most faint objects are star-forming galaxies, with <S FR> ∼ 10 M yr −1 , which are probably heavily obscured by dust or of low surface brightness. There is also a trend between morphological types and stellar masses: at each redshift, faint objects and both irregular and compact galaxies have, on average, lower stellar masses than ellipticals.
Quantitative morphological analysis
Another approach to the morphological classification of galaxies is the calculation of non-parametric statistics. We concentrated on the four most widely used parameters: concentration C, rotational asymmetry A, Gini coefficient G, and second-order moment of the light distribution M 20 , which were computed using the code MORPHEUS (Abraham et al. 2007 ).
Parameter definitions
The concentration index C is the ratio of the intensity of light contained within a central region to that within one larger radius. A higher value of C indicates that a larger amount of light in a galaxy is contained within its central region.
The asymmetry index A was first defined by Schade et al. (1995) as a measure of the asymmetry of a galaxy to a 180
• Table 2 . Morphological parameters. For the total sample, we provide the minimum, maximum, and mean values (with r.m.s.) of the morphological parameters, for each morphological type. In parentheses, the number of galaxies for which the image S /N > 50, for each morphological type, is also indicated.
Min
Max Ellipticals (75) Fig. 3 ).
rotation. Lower values of A imply that a galaxy is largely symmetric, while higher values of A indicate an asymmetric light distribution. The Gini coefficient G (Abraham et al. 2003; Lotz et al. 2004 ) is a statistical tool that measures the cumulative flux distribution of a population of pixels and is insensitive to the actual spatial distribution of the individual pixels. Higher G values indicate that the majority of the total flux is concentrated in a small number of pixels, while lower values represent a more uniform distribution of flux.
Finally, M 20 (Lotz et al. 2004 ) is defined as the second-order moment of the brightest pixels that constitute 20% of the total flux in the segmentation map, normalized by the second-order moment of all the pixels in the segmentation map. Increasingly negative values of M 20 correspond to more regular objects, whereas less negative values are found for more irregular objects often with multiple clumps.
The precise definitions of the parameters can vary from author to author. Here we use the concentration defined by Abraham et al. (1994) , and the definitions of Gini, M 20 , and asymmetry given in Law et al. (2012b) , although we use instead the correction term defined by Lauger et al. (2005) to remove the background asymmetry. We refer the readers to the cited papers for more details. To define the segmentation map (i.e. decide which pixels belong to the galaxy), the quasi-Petrosian method of Abraham et al. (2007) was adopted 4 . We chose a threshold of η = 0.3 following the prescriptions of Law et al. (2012b) , who found this to be the optimal way of maximizing the advantages of the method.
In this part of the analysis only images with S /N > 50 were used 5 , since images of a too low a S /N did not allow a correct galaxy mapping to be made over all pixels (Law et al. 2012b) . Some tests showed that parameters computed on images with S /N < 50 assume unrealistic values, for example negative Asymmetries, due to a background over-correction. This S /N cut, which roughly corresponds to a cut in H-band magnitude of H AB < 24, removes 106 objects, including the galaxies visually classified as faint objects. Our quantitative morphological analysis was conducted on the remaining sample of 388 galaxies.
Exploration of the parameter space
For each morphological type, mean values of all four parameters C, A, G, and M 20 are given in Table 2 . 4 The pixels in a preliminary segmentation map are sorted in decreasing order of flux into an array f i , which is then used to construct a cumulative flux array. The so-called quasi-Petrosian isophote is then set by determining the pixel index at which the pixel flux is equal to some fraction (called the quasi-Petrosian threshold η) of the cumulative mean surface brightness.
5 S /N = F/sqrt(A) * rms, where F is the total flux of the galaxy, A is the total number of pixels, and rms is the average r.m.s. of the background over all sky pixels.
At low redshift, different morphological types can be clearly distinguished using the four aforementioned parameters (Abraham et al. 1996; Conselice et al. 2003; Lotz et al. 2004 ). In contrast, at high redshift the parameters cannot be effectively used to separate the different visual morphologies.
The C vs. A plane (Fig. 5) shows that ellipticals and compacts tend to have the highest concentrations, while the majority of irregular galaxies have C 0.25. There is, however, a large overlap between the regions occupied by different types, hence it is impossible to distinguish an elliptical or irregular from a disk based solely on its value of C. Asymmetry cannot be used alone to distinguish the morphological types, although we note that a tail in the A distribution towards higher values is populated only by irregular galaxies.
Comparing our results with other high-redshift studies, in the rest-frame optical regime, we found general qualitative agreement (Conselice et al. 2011; Law et al. 2012b ), although in the Conselice et al. (2011) sample ellipticals show, on average, lower asymmetries than irregular galaxies. Our results were also compared with studies at lower redshift (Bershady et al. 2000; Conselice et al. 2003; Conselice et al. 2011; Scarlata et al. 2007 ). The greatest difference was found in terms of asymmetry. At low-z, the A parameter is as effective as the concentration in distinguishing morphologies, at odds with what is seen at high-z. In addition, all the morphological types at high-z have a higher average level of asymmetry than their local siblings. This is particularly true for elliptical galaxies, whose mean asymmetry at z ∼ 2 measured in this work is <A> ∼ 0.2, about one dex higher than measured at lower redshifts. The M 20 vs. G plane (Fig. 6) shows that, at z ≥ 1, ellipticals and compacts have G 3.7, while most of the irregulars are characterized by smaller values G 3.7. However, as found in the C vs. A plane, the region of the plane occupied by disks overlaps with both of the other two types. There is no clear separation of different morphologies in terms of M 20 , the majority of galaxies having M 20 values in a short range between ∼ −1.8 and ∼ −1.4. Beyond these boundaries, however, we note that the tail of the M 20 distribution towards higher values is populated only by irregular galaxies, while ellipticals and disks are found in the opposite tail. The M 20 distribution in our sample is in close agreement with other high redshift studies (Law et al. 2012b; Wang et al. 2012) . We found more discrepancies, however, when looking at the Gini parameter. The sample of SFGs studied by Law et al. (2012b) have a similar range of Gini values to the galaxies analysed here, although galaxies cannot be distinguished based on G. On the other hand, Wang et al. (2012) report much higher values for their IERO sample (0.3 < G < 0.8), but they observe a clear separation between spheroids and irregular galaxies. The discrepancies between the Gini values reported in various works likely depend on the different selection criteria adopted. This suggests that G is strongly related to the physical properties of galaxies, such as their stellar mass or star-formation status. The overall appearance of the G vs. M 20 plane does not change much with decreasing redshift. From a quantitative point of view, however, some differences emerge. In particular, low-z ellipticals have far more negative M 20 values (M 20 < −2; Lotz et al. (2004) ), though some discrepancies exist across the literature (see, for example, Conselice et al. (2008) ).
From these aforementioned results, we can conclude that, at 1 < z < 3, quantitative morphological parameters cannot be used alone to effectively characterize the galaxy morphologies. Even if G and C have proven to be good in separating ellipticals from irregulars, it is impossible to distinguish these two morphological types from disks based solely on the position of a galaxy Table 3 . Visual morphological classification in WFC3-IR H 160 vs. ACS deg z 850 images. In parentheses the total number of galaxies belonging to each morphological type, in each band, is reported. Groups of galaxies with the same morphological classification at both wavelengths are marked in bold-face. in the two above-mentioned planes. Additional galaxy-structure measurements are required. Nevertheless, it is important to study whether and how morphological parameters are related to the physical properties of galaxies, since at z 3 it becomes difficult to apply the Hubble classification, and structural parameters are the only way to characterize galaxy morphologies. We therefore searched for possible correlations between morphological parameters and the specific SFR (sSFR) of galaxies, which are independent of the morphological Hubble class. Only a mild trend was found, where galaxies with log(sS FR) − 1 [Gyr 
Morphological k-correction
Before analysing in greater detail the correlations between the morphological and physical properties of galaxies, we consider how the morphological features depend on the rest-frame band in which the galaxies are observed.
To check whether a morphological k-correction should be applied to our sample, the images of galaxies acquired in WFC3-H 160 band were compared with those in ACS imaging in the z 850 band (Giavalisco et al. 2004) , which probes the rest frame from B-band (λ ∼ 4300Å at z ∼ 1) up to the UV regime (λ ∼ 2000Å at z ∼ 3) for galaxies in our chosen redshift range. Owing to the differences in resolution and PSF, ACS images were first degraded to match the pixel size and PSF of those obtained with the WFC3. In the resulting images (ACS deg ), a complete morphological analysis was performed, similar to that outlined in the previous sections.
Visual appearance
The comparison between morphological classifications in the ACS-z 850 and WFC3-H 160 is reported in Table 3 . We find that the majority of galaxies have the same visual morphology at both wavelengths. Among the galaxies with different morphological classifications, 49 galaxies classified as disks in H 160 images were re-classified as irregulars in the z 850 band. We compare the two images for two example galaxies in Fig. 7 . The difference in morphology between the two wavelength bands may reflect some differences in the distributions of the various stellar populations that inhabit the galaxy.
We found that 51 objects with irregular morphologies in the H 160 band, are almost undetectable in the z 850 imaging (see Fig.  7 ). In this case, we cannot strictly speak of "morphological kcorrection", since the faintness of these galaxies at shorter wavelengths makes it impossible to classify them. We note that these objects have ongoing star-formation and intermediate-to-high stellar masses relative to the total sample, i.e. log(<S FR>) = 1.59 ± 0.67 [M yr
−1 ] and log<M > = 10.48 ± 0.51 [M/M ]. We assume that they could be dusty star-forming galaxies in which the UV light from young stars is almost entirely absorbed. 
Quantitative changes
In our visual Hubble classification, we find that, for galaxies at z > 1, no significant morphological k-correction is required. This finding is however challenged by our quantitative analysis. In Fig. 8 , we compare the morphological parameters computed in the WFC3-H 160 and ACS deg -z 850 images. For all morphological types, we detect no difference between the concentrations and the Gini coefficients measured for the two different filters. The largest differences are found for the asymmetry and M 20 parameters, where disks in particular have higher values of A and M 20 for the shorter-wavelength filter. This confirms our previous results for high-redshift disk galaxies, where young stars have a more irregular spatial distribution than the older stellar populations generating the light at optical wavelengths. Irregulars are more asymmetric at shorter wavelengths, as expected because they are actively star-forming galaxies (Conselice et al. 2011 ), but for M 20 there are no significant differences, on average, between the two wavelength ranges. Compact and elliptical galax- Table 4 . Median and semi-interquartile range (in parenthesis) of C, A, G, M 20 , stellar mass, and SFR for blue ((U−B) rest < 1) and red ((U−B) rest > 1) galaxies, in each morphological class. The percentage of galaxies belonging to each colour group, for each morphological type, is also provided. Fig. 3 ).
Colour bimodality
It has been well-established by several studies that the galaxy rest-frame (U-B) colour has a bimodal distribution (Strateva et al. 2001; Hogg et al. 2002; Cassata et al. 2007 Cassata et al. , 2008 Bell et al. 2004; Weiner et al. 2005; Whitaker et al. 2011; Bell et al. 2012) . Here, we determine the distribution of the different morphological types in the colour bimodality, to study the correlation between the morphologies and physical properties of highredshift galaxies. Figure 9 compares the (U−B) rest colour 6 distribution for the GMASS-WFC3 sample with the distribution for each morphological type. The WFC3 sub-sample has a similar colour bimodality to that found for the GMASS total sample by Cassata et al. (2008) . We divided the the colour distribution into four redshift bins. We found that the bimodality can be clearly seen up to redshifts as high as 2.0 < z < 2.5, whereas at higher redshift the colour distribution is far smoother because a larger fraction of galaxies populates the region between the red and the blue peaks. The bin in-between the red and blue peaks containing the least galaxies, (U−B) rest ∼1, was chosen as the separation value between the red sequence and the blue cloud: this is consistent with threshold values reported in the literature Kriek et al. 2009 ). 6 The absolute magnitude in a given filter X was computed using the observed apparent magnitude in the filter Y, which had been chosen to be the closest to λ(Y) ∼ λ(X) * (1 + z). . Rest-frame colour vs. stellar mass for each morphological type in the low-redshift bin 1.0 < z < 1.5. Instead of symbols, we plot randomly selected representative H 160 cutouts from our sample. Fig. 11 . Rest-frame colour vs. stellar mass for each morphological type in the intermediate-redshift bin 1.5 < z < 2.0. Instead of symbols, we plot randomly selected representative H 160 cutouts from our sample. Fig. 12 . Rest-frame colour vs. stellar mass for each morphological type in the high-redshift bin 2.0 < z < 4.0. Instead of symbols, we plot randomly selected representative H 160 cutouts from our sample.
The colour of a galaxy clearly correlates with its morphological type: we find that (i) most irregulars (85%) occupy the blue peak (<(U−B) bluepeak >=0.59); (ii) the red peak is mainly populated with ellipticals (60%, with <(U−B) red peak >=1.26); (iii) disks have a smoother colour distribution than the other types and are the main type occupying the region between the blue and red peaks. In Table 4 , we indicate the median of the distribution of some physical and morphological properties, for both red and blue galaxies, and each morphological type. The median values of stellar mass and SFR correspond to the entire sample, whereas the median values of the morphological parameters are only for images with S /N > 50. We point out that the percentages of blue and red objects in the total sample are insensitive to the S/N cut.
There is a strong correlation between the (U−B) rest colour of a galaxy and its stellar mass. This result is confirmed by the diagrams shown in Fig. 10, 11 , and 12 where red galaxies are more massive than blue ones, regardless of their morphological type.
In terms of star-formation activity, there is little difference between red and blue objects for all morphological classes apart from ellipticals. Almost all galaxies classified as compact, disks, and irregulars have ongoing star-formation, regardless of their colour. Blue galaxies classified as ellipticals are also starforming, but red ellipticals, in addition to a small fraction of red disks, display no signs of star-formation. This confirms a previously presented result in this work that quiescent galaxies generally have an elliptical morphology (Sect. 3; see also Sect. 6.1). While the red colours of elliptical depend mainly on the old age of their stellar populations, red galaxies belonging to the other morphological classes are in most cases star-forming objects obscured by dust that reddens their colours (Scarlata et al. 2007; Franzetti et al. 2007 ). The physical properties of red-sequence galaxies in the GMASS total sample have already been extensively studied in Cassata et al. (2008) .
No correlation is found between colour and the quantitative morphological parameters, the parameter distributions of red and blue galaxies being quite consistent for morphological Hubble class. In contrast, the value of M 20 is lower for red disk galaxies than blue ones. The most remarkable variation is that of the asymmetry of elliptical galaxies, with blue ellipticals appearing less asymmetric than red ones.
The UVJ diagram
The galaxies in our sample were also plotted in a rest-frame U-V vs. V-J colour diagram, which is shown in Fig. 13 . Williams et al. (2009) , and previously Wuyts et al. (2007) found that starforming and quiescent galaxies occupy two distinct regions in the plane. The UVJ diagram allows us to distinguish red starforming dust-obscured galaxies from red, quiescent ones, which would be impossible using the U-B colour alone. In particular, Williams et al. (2009) defines the region where quiescent galaxies fall, in different redshift bins. The quiescent region identified at 1 < z < 2 is indicated in Fig. 13 . We plot only galaxies up to z ∼ 2.5, from our sample, since this is the limit up to which the bimodality in the UVJ diagram is still visible (Williams et al. 2009 ). Fig. 13 shows that the quiescent region of the diagram is mainly populated by ellipticals and, to a lesser extent, by disks, reinforcing the results reported in the previous section. In addition, these galaxies have the highest values of concentration and Gini (see end of Sec. 4.2). The quiescent state of these galaxies is also consistent with their sSFR, log(sS FR) < −1 [Gyr −1 ]. In Fig. 13 , we also label passive galaxies, i.e. with log(sS FR) < −2 [Gyr −1 ], following the definitions given by Ilbert et al. (2010) and Pozzetti et al. (2010) . We note that, while "quiescent" galaxies have either elliptical or disk morphologies, "passive" galaxies are mainly elliptical. Fig. 13 . Rest-frame U-V vs. V-J colours for galaxies at 1 < z < 2.5 in our sample. In the big plot, points are shape and colour coded with respect to the morphological visual class (see Fig. 3 ). In the small insert, points are colour coded with respect to their sSFR. In both plots, the "quiescent" region, defined by Williams et al. (2009) for the chosen redshift range, is also marked.
An in-depth look at ellipticals
Although most ellipticals have a red rest-frame (U-B) colour and occupy the "quiescent" region of the UVJ diagram, a significant fraction (40%) are found in the blue peak of the (U-B) distribution. In general, the physical properties of these two groups of galaxies are very different: red ellipticals have high stellar masses and low to null star-formation activity, while blue ones occupy the low-mass end of the stellar mass distribution and have SFRs extending from tens to hundreds M yr −1 (see Table  4 ). Apart from sharing the same Hubble classification, red and blue ellipticals have, however, remarkably similar structure, having similar distributions of all morphological parameters except asymmetry. Figure 14 shows the distributions asymmetry for both red and blue ellipticals. Although the blue peak is clearly evident at low asymmetries, there is no sharp separation between blue and red ellipticals, because red galaxies span a wide range of asymmetry values.
Red and blue ellipticals also differ in terms of their Sérsic index 7 (n). We took Sérsic index values from the catalogue of structural parameters released by the CANDELS team . We refer the reader to the cited paper for the details about the parameter's computation. We found blue ellipticals to have <n>=3.1±1.3 while red ellipticals show <n>=4.5±1.9. On one hand, this result strengthens the classification of blue ellipticals; on the other hand, it highlights another possible structural difference between blue and red ellipticals. However, the difference between the two groups is not significant, therefore not even the Sérsic index can be used to separate "a priori" red from blue ellipticals. We conclude that it is impossible to distinguish between red and blue ellipticals on the basis of morphological properties alone. The true importance of searching for structural differences between red and blue ellipticals is the need to establish some suitable morphological criteria for selecting galaxies that are no longer forming stars. Although the properties of passively evolving, early-type galaxies are quite established, (Renzini 2006) , different criteria have been used across the literature to select "pure" samples, i.e. those containing the smallest numbers of star-forming contaminants. The best way of performing such a selection is, of course, to use a combination of morphological, photometric and spectroscopic data (Moresco et al. 2010 ). This type of selection, however, is highly demanding in terms of information used. Moresco et al. (2013) demonstrates that a selection based on sSFR is the closer to a combined criterion, in terms of percentage of contaminants.
In the previous section we have seen that almost all passive galaxies at z > 1 are ellipticals. We now determine the fraction of passive galaxies among all galaxies with morphological elliptical classifications in our sample. Fig. 15 shows the distribution of sSFR vs. (U−B) rest colour for all ellipticals in our sample. Only ∼33% of all ellipticals are passive galaxies. It is interesting to note that this percentage is consistent with the result of Moresco et al. (2013) for their sample of z < 1 galaxies. The sSFR selection of passive galaxies in our sample is also consistent with the spectroscopic classification. In Fig. 15 , Empty black points represent galaxies with no spectrum. Filled points indicate galaxies with a spectrum, and are colour-coded with respect to the spectral classification: red for early-types, blue for starforming, and green for AGNs. The vertical line marks the sSFR cut to select passive galaxies. The horizontal line marks the separation between red and blue galaxies. The grey area identifies the locus in the plane where "red and passive" galaxies fall.
galaxies from the spectroscopic sub-sample are indicated by different colours depending on their spectral class: galaxies with an early-type spectrum occupy the "red and passive" locus of the plane. In the remaining sub-sample, the majority of galaxies have a star-forming spectrum, while four have spectra typical of active galactic nuclei (AGNs). We refer the reader to Cimatti et al. (2008) for a thorough analysis of the spectral properties of early-type galaxies performed on spectra from the GMASS spectroscopic survey. Unfortunately, almost all galaxies analysed in that paper fall outside the CANDELS field and could not be included in this work.
Morphological vs. spectroscopic classification
Spectra were collected for a sub-sample of 259 galaxies (the GMASS-wfc3 spec sample) to investigate the correspondence between morphological and spectroscopic classifications of highredshift galaxies. We know that the requirement of spectroscopy feasibility may introduce a bias in our analysis, since the spectra were collected from different surveys with different selection criteria and depths. To establish how representative the spectroscopic sub-sample is with respect to the parent sample, we compared the distributions of SFR and stellar mass. Fig. 16 shows that the GMASS-wfc3 spec sample is slightly biased towards higher SFRs. We also considered whether there was any bias toward any particular morphological Hubble type. We verified whether the relative percentages of different morphological types in the parent sample were conserved in the spectroscopic sub-sample. None of the galaxies classified as faint objects are present in the GMASS-wfc3 spec sample, as we would expect. We found that ∼70% of the ellipticals and disks are in the spec-troscopic sample, in contrast to only ∼50% of the irregulars and ∼20% of compact. Most irregulars with no spectroscopic information are galaxies with image S /N < 50. Therefore, we conclude that, in terms of morphological classification, the spectroscopic sub-sample is biased slightly more towards elliptical and disk morphologies than irregulars, compared to the parent sample of galaxies.
Galaxies in the GMASS-wfc3 spec sample were divided into four classes depending on their spectroscopic features (Mignoli et al. 2005; Talia et al. 2012 ): (i) early-type (red Table 5 . There is a close correspondence between the morphological and spectroscopic galaxy classifications. Almost all galaxies with an early-type spectrum have an elliptical appearance. These elliptical galaxies are also passively evolving following a definition based on their sSFR, as reported in the previous section of this work. Our so-called intermediate spectra appear instead to be linked to a disk-like morphology. Galaxies with star-forming spectra do not tend to have any particular morphology: this class contains irregulars as well as disks, compact, and ellipticals. Conversely, we find that irregular galaxies always have a star-forming spectrum. Disks usually display some sign of star-formation activity in their spectra, though in some cases their red continuum represents older stellar populations. In addition, at z > 1 an elliptical morphology is associated with either a passively evolving or strongly star-forming spectrum. Finally, we note that, in our sample, spectroscopically confirmed AGNs are preferentially hosted by elliptical galaxies.
Summary and conclusions
We have analysed the rest-frame optical morphology of galaxies at z ≥ 1 observed as part of GMASS, using IR images from HST/WFC3 to help us relate galaxy morphologies to their physical properties.
The main result of this paper is that the fraction of ellipticals declines going back with cosmic time from z = 1, as does the fraction of disks. Up to z ∼ 2.5 − 2.7, we found that Hubble morphological types are still recognizable, while at higher redshifts the galaxy population is dominated by irregular galaxies. This result implies that the build-up of the Hubble sequence occurred at redshifts 2.5 < z < 3.
Other important results of our analysis can be summarized as follows. Galaxies in our selected sample were first classified among the traditional Hubble types, finding that: -Galaxies with little or no sign of star formation generally have elliptical morphologies, while an irregular morphology is linked to intense, ongoing star-formation. Galaxies too faint to allow a morphological classification "by eye" are mainly SFGs that are likely to be heavily obscured by dust or characterized by low surface brightness. There is a trend between morphological types and stellar masses, such that at each redshift, faint objects, irregulars and compact galaxies have, on average, lower stellar masses than ellipticals.
A quantitative morphological analysis was also performed using the four most commonly used morphological parameters: concentration, asymmetry, Gini, and M 20 .
-Comparing the results of our quantitative analysis to our Hubble classification, we found that at 1 < z < 3 morphological parameters cannot be used to clearly separate different morphological types. Even if C and G were able to differentiate ellipticals from irregulars, with ellipticals having the highest values of both parameters and irregulars having the lowest ones, it would be impossible to distinguish between different morphologies, because there are severe overlaps in the distributions of all parameters, for different Hubble types. No significant difference between the various morphological types was found in terms of asymmetry or M 20 . -The comparison of our results with studies at lower redshift showed that high-z galaxies have a higher general level of asymmetry than their local siblings. This is true in particular for ellipticals, whose mean asymmetry at z ∼ 2 is about one dex higher than measured at lower redshifts. High-z ellipticals also have less negative M 20 values than at low-z. -Finally, we found that galaxies with log(sS FR) − 1 [Gyr We assessed whether any morphological k-correction was required by comparing the morphological classifications made for each galaxy in WFC3-H 160 and ACS-z 850 images. These images sample, respectively, rest-frame optical wavelength and the restframe B-band (z ∼ 1) to UV (z ∼ 3). We found that: -No significant k-correction was required when the Hubble type classification was considered. A notable exception were a group of galaxies classified as disks in optical images, which were found to be irregular at UV rest-frame wavelengths. -A fraction of irregular galaxies, in WFC3-H 160 band, are very faint in the ACS-z 850 images, though in this case we cannot strictly speak of "morphological k-correction", since the faintness of these galaxies in their UV rest frame makes their classification impossible. -From a quantitative point of view, few differences were found. In particular, disks have higher A and M 20 in ACSz 850 images, and irregulars are much more asymmetric at shorter wavelengths, as expected because they are actively star-forming galaxies. Finally, compact and elliptical galaxies have, on average, less negative values of M 20 in their WFC3-H 160 than ACS-z 850 images.
To investigate the correlations between the morphologies and physical properties of high-z galaxies, we analysed how different Hubble types are distributed in the well-known colour bimodality of galaxies. The colour distribution was checked in different redshift bins: the bimodality may still be seen clearly up to 2.0 < z < 2.5, while at higher redshifts the distribution is smoother and a larger fraction of galaxies populates the region in-between the blue and red peaks. The following results refer to the complete redshift range covered by our sample as a whole.
-The morphological type of a galaxy correlates with its colour: the majority of irregulars occupy the blue peak of the colour distribution, while ellipticals mainly populate the red peak, with some exceptions. Disks have a smoother colour distribution and are the morphological type that occupy most of the region in-between the blue and red peaks. -The comparison between the physical properties of blue and red galaxies showed that there is a positive correlation of colour with stellar mass, regardless of the morphological type. In terms of star-formation activity, almost all galaxies classified as compact, disks, and irregulars have ongoing star-formation, independently of their colour. Blue galaxies classified as ellipticals are also star-forming, while only red ellipticals, and a small fraction of red disks, show no sign of star formation. -There is strong similarity between the parameter distributions of red and blue galaxies within each morphological Hubble class. There is, however, a difference in the asymmetry within the elliptical class, with blue ellipticals appearing less asymmetric than red ones.
Examining the position of different morphological Hubble types in a rest-frame U-V vs. V-J colours diagram, we found that: -Galaxies inhabiting the "quiescent" region of the plot are almost all ellipticals and, to a leser extent, disks. -There is a correspondence between the position of a galaxy in the plot and its sSFR: almost all galaxies in the "quiescent" region of the diagram have log(sS FR) < −1 Gyr −1 . -Galaxies classified as "passive" according to their sSFR: log(sS FR) < −2 [Gyr −1 ], have an elliptical morphology.
Galaxies with an elliptical morphology were examined in greater detail. We found that: -In our sample, elliptical galaxies can be separated into two groups: 40% have blue colours, relatively low stellar masses, and SFRs extending from tens to hundreds of M yr −1 , while 60% are red, massive galaxies with low to null star-formation activity. However, from a structural point of view, there is a remarkable similarity between red and blue ellipticals: apart from sharing the same Hubble classification, they also have similar distributions of all morphological parameters. Differences were found only in terms of asymmetry and Sérsic index, with blue ellipticals being characterized by lower values of both parameters. However, given the relative distributions of both parameters, it is impossible to distinguish between the two groups on the basis of morphological properties alone.
-To establish the percentage of "pure" passively evolving galaxies in our sample of morphological ellipticals, we adopted a cut in sSFR: log(sS FR) < −2 [Gyr −1 ]. We found that only ∼33% of all morphological ellipticals are "passive" galaxies: this percentage is consistent with the result of Moresco et al. (2013) for their sample of z < 1 galaxies.
Finally, spectra collected for a sub-sample of galaxies were used to investigate the correspondence between the morphological and spectroscopic classifications of high-redshift galaxies. We found that almost all irregular galaxies have a star-forming spectrum, and that disks usually have some sign of star-formation activity in their spectra, even though some have red continuum indicative of old stellar populations. Finally, galaxies with an early-type spectrum have an elliptical shape, but an elliptical morphology may be associated with either passively evolving or highly star-forming galaxies.
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